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1.0 SUMMARY

Gamma ray heating rates measured in a block of beryllium
oxide located in the reflector of the Spherical Gas Core Critical
Experiment gave results nominally a factor of two higher than those
calculated. A transport code and a point kernel shielding code were
used for the calculations. Fair agreement was obtained between the
two calculational methods with the point kernel shielding code yield-
ing results 8 to 107 higher than the transport code. Both calculations
utilized nominally the same photon reaction cross section data in 18
energy group detail.

Heating rate distribution through the BeO block was meas-
ured with LiF thermoluminescent dosimeters (TLD) highly depleted in Li
such that the manufacturers quoted Li® contamination was nominally
0.005%. Even though the Lib contamination and the Li’/ and F thermal
cross sections appear small, the TLD response from thermal neutrons is
appreciable and a correction was made using thermal neutron flux values
measured through the block. Use of a small beryllium Bragg-Gray chamber
was utilized as a calibration check on the TLD's. The results agreed
to within 11%. Thus two methods of measurement in fair agreement
yield results nominally a factor of two larger than results from two
methods of calculation, also in fair agreement.



2.0 INTRODUCTION

The gamma ray heating rate measurements described in this
report were conducted as an extension of tests previously performed
with the Spherical Cavity Reactor Critical Experiment. A detailed
description of the previous experiments is given in Reference 1. All
of these experiments have been performed in support of the gas core
nuclear rocket concept. This concept envisions an optimized reflector-
moderator system consisting of an arrangement of annuli of heavy water
and beryllium oxide moderators as shown in Figure 2.1 '

The experiment reported in this document was performed with
rectangular blocks (of various thicknesses) of BeO suspended in the
D,0 reflector moderator tank of the Critical Experiment to "mock-up"
a section of heat shield in the-reflector.

Energy deposition rate measurements were made through the
BeO slab with LiF thermoluminescent dosimeters (TLD). Beryllium Bragg-
Gray chamber measurements were obtained in an aluminum tube which
penetrates the block and these measurements were correlated with TLD
measurements at the same location.



1deduo) 39300y IeOOnN 9I10) seH T°z 2In3Tg

~— 1IeAMA SNOoJOod [RUOnOSJIQ

O°a W
oza [
USBoJUPAH e
- JeBueyoxy 1weH
sez W \ JOJRUSpPON
_ N<—— uopoelu n
4,0000€ 4,00000t n I gez

D
[ S

| F— Uy
. ueBoupAH PINbIN



3.0 TEST CONFIGURATION AND APPARATUS

3.1 Reactor Configuration

The general reactor configuration is shown in Figure 3.1. An
aluminum tray suspended from the 1lid of the reflector-moderator tank was
used to hold an assembled block of beryllium oxide in the heavy water
reflector tank. The block, a mockup of an annular BeO heat shield sector,
was constructed from 1/2 hexagonal bars of BeO, nominally 4.76 cm across
corners by 14.29 cm long. Measurements were made through three block
thicknesses (12.42 cm, 22.77 cm, and 31.05 cm) and the rectangular dimen-
sions in each case were 71.44 cm x 69.22 cm.

The aluminum tray in which the blocks were assembled was
open at the top, with outside dimensions of 91.44 cm x 91.44 cm x 30.48
(height) cm with 0.633 cm thick walls and bottom. It was positioned
5.08 cm above the sphere forming the inner wall of the moderator tank
as shown in Figure 3.1. A hole cut in the center of the tray allowed
it to slip down over the sensor tube, a 2-inch schedule 40 aluminum
pipe, which extends up from the cavity wall (inner wall of the D50 tank) .
This tube served as an access hole for sensors into the reactor. The
bulk of the gamma ray heating measurements were made vertically through
the BeO slab at a distance of 30.48 cm from the center of the sensor
well, using the small thermoluminescent dosimeters (TLD) inserted
. between the beryllium blocks. During the gamma ray heating measure-
ments the sensor tube was plugged with beryllium oxide over the same
axial distances covered by the main beryllium heat-shield block.
v The reactor fuel loading was 14.631 kg of uranium, 93.2%
U23s enriched, in the form of UFg maintained in the vapor state by a
hot air heating system. A spherical annulus between the core heating
system shrouds and the sphere forming the inner wall of the D,0 reflector-
moderator tank contained 22,33 kg of foamed polystyrene and 14,23 kg of
polyethylene sheet cut and distributed evenly throughout the volume.

A more detailed overall diagram of the Spherical Cavity.
Reactor Critical Experiment is shown in Figure 3.2 and Table 3.1 is a
component code to identify the parts. . Table 3.2 gives a description
of the reactor components. The configuration is essentially similar
to the configuration #2 described in References 1 and 16.

3.2 Description of Devices Used to Measure Heating Rate
f
_ The bulk of the heat rate measurements were made with small
thermoluminescent dosimeters. These devices are LiF* chips nominally
0.3175 cm x 0.3175 cm x 0.889 cm formed by compacting LiF powder to an
average measured density of 2.69 gms/cm3. The TLD-700 series dosimeters
used for these experiments are depleted in Li® so that the manufacturers

* (CaF dosimeters were also installed in the experiment, but the data

proved to be most inconsistent and unusable.



quoted Li6 content is nominally 0.005%, thus substantially reducing the
thermal neutron sensitivity.

Calibration, data readout, and dose conversion were performed
by the AEC T1daho Operations Health and Safety Laboratory. There, the
fundamental calibration standard is a Cobalt-60 source with gamma rays
at 1,17 and 1.33 Mev. However, absorbed dose depends both on the gamma
ray energy spectrum and the absorbing material. Therefore, a beryllium
Bragg-Gray chamber was exposed in the sensor well with each TLD traverse
to give a direct calibration of the TLD reading. This chamber was fab-
ricated by milling out a chamber volume in a 1/2 hexagon bar of beryllium
and fitting with a polystyrene insulator and a central electrode to give
a net chamber volume of 2.28 cm3. The center of the chamber volume was
located 8.1 cm above the bottom of the BeO block for all of the measure-
ments where TLD traverses through the block were made. The TLD cal-
ibration was performed by placing several of the TLD's directly in the
chamber cavity on a separate run from the one for which the cavity
current was measured. Fundamentally, this calibration should be con-
sidered the only valid calibration, for it is not subject to the dif~
ferences in gamma spectrum which result from the use of a Co-60 cal- -
ibration. However, both results are reported for reference.
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TABLE 3.1

Spherical Cavity Reactor Configuration Code

- Code No.

O o310\ FWw -

T11
12
“ 13
1L
16
17
.18
19
20
21
22
23
oL
25
26
.27
28
29

Desbription

Core sphere tank

Air flow guide bvaffles

Cavity sphere tank

Stainless steel V-band connector

Do0 tank

Sensor well

Removable D0 tank 1id

D0 level sensing and fill level limit switches

Typical of 8 symmetrical control rod actuators’
and. support ' '

Cdntrol rod poison tip (cluster of three per actuator)

Control rod guide tube

Core tank support column

Cavity tank support column

UFg fuel line

Cavity tank hold down rod (typical of 8 symmetrical)

Core tank valve ' .

Air operated D0 quick dump valve

Motor operated D,O inlet control valve

Do0 fill line

D0 overflow and cover gas return line

Main support column

Valve bellows and valve actuating mechanism

Do0 tank support co%umn

Emergency Do0 catch tank -

Work platform ‘

Hand rail

UFg transfer and core heating system

D0 storage tank °




mpSp SpTNns

TV OOTT adrd ot sTnpPaYds Youtr-g IToM JOSUSg
s3TOq pue
88 TOE 39°Q dweTo puBg-A UOULIEN JI5900UU0D pUBg A
TTem WO QIR0 X uumToo gsoddns
TV 2506 ‘a0 W 6°T2 adrd of eTnpsyos your-g yuey L3TABD
SutI-0
TeuTwou Jaqana TAqng B YATMA POTBIS puB
TTeM wo GEQ°Q X dureTo pueq=-A SS & UJTA I8U398
TV 2604 ‘d°0 wd OT°EQT 0'102 ~0q pray saasydstwey unds oMT, TTeM Musy LQTARD
TTeM WO GG9°Q X Mmoo
TV 2509 TTeM WO 2T HT adrd Qff STNPaYDS YOUTI-G jaoddns yue} 810D
TTes WO QEE°0 X .
TV. 2505 *qr0, W HE'E adrd off STMPIYSS YouT-T SUTT 39TUT 2N
wo 9Q°2T Mgmu.wnoo SA00® SPUILXD 28uBTI TToM
TV 1909 (oT®0) ¢ soau pue sfue(y odrd your-g JIOSUSS JUB} SJI0)
‘A ,0¢2C 3B
TBUTWUOU grsd ¢ Jo sanssaxd TBUXS1UT
TTeA WO GE9°Q X J0J paulrTss([ ‘JI8yqe303
TV 2504 Qo wo ¢G° 2T 2L'06 . pepTem soxsydstwey unds OMT uB) 8JI0)
. TBTI2%.8[ SUOTSUSWE(] 3 _ uotqdTaosag TBIdUS) quauodwo)
JUSTOM

uotqadraosaq qusuoduc) I03089Y

7°'¢ HI9VL



“@Oh ysnd

IV 00T1T POX JI993WBTP YOUT-Z/T SATBA YUB] 9I0)
199US UMULUMTTB
98ne8 (g WOIJ PILONIFSUO0D =-WO33.0q _
3Y3 38 T[BOTJIPUITAD O3 UOTQTISUBRIL B . s9TFIBq
e TV QO0TT 1662 Y3t saasayds TeuoSweyd0 OTJILUIOUOD g UOT}BTNOJITLO- MOTT JITV
JueB) J03BID
-poOW J0309TJIdI 33Uy} JO JOOTI O3
03 pIeMAUMOD SUTPUILXS PUB YUBL
_ . £31TAB0 JOo ALxsydraad punoge poords ~ Spox uMop
TV 1909 ATTends spox ‘werp YdUI-9T/6 - @ PTOU ue} A3TARD
wqmﬁgvﬁﬁ Jesau TTwM JuBy-
hpﬁbmo 07 oTSuR oom 1B PIBMUMOD
spusqxo pue oSusTdpTWl SA0QB NUBL s
J098I0POWU~I0N03TISI §a%1vIqauad aqng apInd so0Jamnos
TV 250§ - adtd of sTnpsyss your-g/T I uoxqnau dnqrelg
: gaqng aptnd € Jo Busf yowe JoO sxaowds pus aqna
: IV 00TT ‘@o (g5 PUS Sy} U0 duo - 2937d JeTNSUBLLL SpPINg pPoI TOIFUOD
are1d 1BTI
. POpPToM UJTH PUS SUO 48 PoTEOS saqny apInd
TV 9805§. adtd o 9TnPeYdS YoUT-t/€ POX TOIFUOD .
Hwﬂnmpmz SUOT SUSWE( 3y uotrqadiaoss TeISUY quauoduo)
i JUSTOM
(psnurguop ) \

.. T0E HIEVL

10



4.0 TEST PROCEDURES

The measurements required six reactor runs. These runs are
summarized in Table 4.1 where the purpose and test conditions are given
for each run. The concluding run of the series, run 115, was made with
the sensor well tube which penetrates the center of the BeO block, packed
with small 5.08 cm long 1/2 hex pieces of BeO with both gold foils and
TLD's at each interface. Two of the gold foils (one at the bottom of
the BeO block and the other near the top of the 30.48 cm.thick block)
were cadmium covered and a thermal neutron distribution through the
block was calculated using the measured total gold response and a linear
interpolation of the cadmium ratios determined at the two measured posi-
tions. All of the TLD-700 data were corrected for the thermal neutron
response.

The principal thermal neutron thermoluminescent detector
response in LiF originates from the reactions listed in the following
table and a calculated correction factor is listed for each reaction
with the total being the correction factor applied to the data. The
Li® contribution is based on 0.005% of total Lithium present.

Correction Factor

Reaction Cross Section (RADS/n/cm?)
Li® (n, 4.8 mev a) 970 b 9.46 x 10~11
Li’ (n, 3 mev a + 13 mev B) 36 mb 4,16 x 10711 (o)
9 1.46 x 10711 (B)
F17 (n, 5.4 mev B) 10 mb .5 x 10711
1.56 x 10~10

The calculated correction factors assume that all of the energy
release is absorbed in the TLD chip and the B energy absorption is
estimated from the differential energy loss for electrons in water (12)

A better method for obtaining an effective correction factor would
be by direct measurement of the effect. An experiment was performed
to make this measurement but was unsuccessful within the accuracy
available. The reason is discussed in section 7.0.

Heating rate distribution information was obtained by placing
several TLD-700 dosimeters encased in small sealed polyethylene satchets,
approximately 1 cm square, at the interfaces of the hexagonal BeO bars
composing the heat shield mockup. Thus a relatively fine spacial distri-
bution was obtained. The data represents the average reading from two
to four TLD's at a specific depth in the block. All distributions were
obtained vertically through the BeO block at a distance of 30.48 cm from
the center (sensor well) as shown in Figure 3.1. Thus, if any gammas
streamed up the sensor well, the 30 cm distance was far enough away that
the TLD's would not have been affected.

11



The raw TLD data were obtained in units of Rads dose to the
dosimeter based on Co-60 calibration. One Rad equals 100 ergs of energy
deposited per gram of material. All of the data was then normalized by
converting it to units of Rads per watt-hr of reactor operation. Reactor
power was determined by exposing catcher foils (aluminum foils placed
against bare enriched uranium foils to catch the recoil fission products
whose activity' is proportional to the fission rate) in the sensor well
to obtain a fission rate distribution through the core region. Since
the core is homogeneous UFg, these data were then volume weighted and by
knowing the U-235 core loading, a reactor power was calculated for the
run. Gold foils placed in the same location on the moderator tank dur-
ing each run were used to normalize the power on those runs where catcher
foil distributions were not obtained.

12



TABLE 4.1

Summary of Reactor Runs

Run No. Purpose Test Conditions

110 To determine the reactor
power required to give use-
ful data. A minimum of TLD's
exposed in a 12.42 cm thick
BeO slab along with catcher
foils and gold normalizers.
No useful heating rate data
obtained.

111~ TLD heating rate measurement Reactor power = 75.6 watts TLD

-traverse through a 12.42 cm exposure time = 1.333 hrs. TLD

thick BeO slab. , watt-hr of exposure = 100.8.
Catcher foil and gold normalizer
exposure time = 20 min. " Be Bragg-
Gray Chamber in sensor well at
104.7 cm from center of reactor
(8.10 cm from bottom of BeO slab).
Bragg-Gray chamber temperature
60°C to 77°C with atmospheric
pressure at 642.8 mm Hg. Three
TLD's attached to outside of B-G
chamber. Four TLD chips at each
traverse location in the BeO slab.

112 TLD heating rate measurement Reactor power = 37.8 watts. TLD
traverse through a 22.77 cm exposure time = 1.0 hrs. TLD watt-
thick BeO slab. hr of exposure = 37.8. No catcher

foils exposed. Gold normalizers
exposed 1.0 hrs. Be Bragg-Gray
chamber in sensor well at 104.7 cm
from center of reactor (8.10 cm
from bottom of BeO slab). Bragg-
Gray chamber temperature nominally
60°C to 77°C with atmospheric
pressure at 647.4 mm Hg. Three
TLD chips attached to outside of
B~G chamber. Four TLD chips at
each traverse location in the BeO
slab.

13



TABLE 4.1

- : (Continued)

Summary of Reactor Runs

Run No.

Purpose

113

114

115

_TLD heating rate measurement

traverse through a 31.05 cm
thick BeO slab. ‘

Expose TLD's inside the Bragg-
Gray chamber. '

Measure the neutron flux in
the 31.05 cm thick BeO slab.

" of BeO'slab).

Test Conditions

Reactor power = 37.8 watts,

TLD exposure time = 1.0 hours.
TLD watt-hrs exposure = 37.8,
Catcher foil and gold normalizer
exposure time = 20 min. Be
Bragg-Gray chamber in sensor

~well at 104.7 cm from center

of reactor (8.10 cm from bottom
Bragg~Gray cham—
ber temperature and pressure
nominally the same as for Run
112, Three TLD chips attached
to outside of 'B-G chamber.

Three TLD chips at each traverse
location in the BeO slab.

Reactor power = 85.8 watts.
TLD exposure time = 20 min.

TLD watt~hr exposure = 28.6.
Catcher foil and gold normalizer
exposure time = 20 min. Be
Bragg~Gray chamber in same
location as Runs 111, 112 and
113. TLD chips inside of cham-
ber at bottom, middle and top.
TLD chips at three locations

on the 1/2 hex bar containing
the B-G chamber. .

Reactor power = 85.8 watts.

TLD exposure time = 20 min.

TLD watt-hr exposure = 28.5.

Gold normalizer exposure time

= 20 min. The sensor well
through the BeO block was packed
with BeO hex pieces 5.08 cm long.
A TLD and a gold foil was exposed
at each 5.08 cm interval through
the block starting at the bottom.

14



TABLE 4.1

(Continued)

Summary of Reactor Runs

Run No. Purpose Test Conditions

115 (con't) A cadmium covered gold foil
was exposed at the bottom and
near the top of the Be0 block.
A small thimble-shaped Be
Bragg-Gray chamber (volume =
1.69 cm”) was exposed near the
top of the block in the sensor
well. TLD's were attached to
the top, middle, and bottom of
the B-G chamber.

15
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5.0 TEST RESULTS

The measured gamma ray heating rate distribution through the
beryllium oxide block is tabulated in Tables 5.1, 5.2 and 5.3 for the
three block thicknesses, 12,42, 22.77 and 31.05 cm respectively. The
corrected Rads/watt-hr is obtained by multiplying the measured thermal
neutron fluence per watt-hr times the-calculated thermal neutron response
1.56 x 10710 Rads/n/cm?® and subtracting this value from the total TLD
measured Rads/watt-hr. The corrected values are plotted in Figure 5.1
for each block thickness. ;

Table 5.4 summarizes the results of the beryllium Bragg-Gray chamber
exposed 8.1 cm above the bottom of the BeO block while exposing TLD's
for each of the block thicknesses noted above. - The average dose rate
measured for the three reactor runs is 8.56 * 0.27 Rads/watt-hr. TLD's
were exposed on the outside of the chamber during each of these runs
but these TLD's were subject to some exposure from core gammas stream-

' ing up the sensor tube .and as noted in the table appear to be high.
TLD's were exposed inside the chamber and outside the chamber sandwiched
between two 1/2 hex beryllium pieces (one 1/2 hex contained the chamber).
The data from TLD's inside the chamber (Run 114) is in very good agree-

" ment with the Bragg-Gray chamber data. The TLD data from run 115 is

not reported because it was obviously influenced by the presence of

the cadmium buckets used with the gold foils exposed on this run.
Thermal neutron absorption in cadmium produces a 9 mev gamma ray.

16



TABLE 5.1
Gamma Ray Heating Rates
in a 12.42 cm thick BeO Block (Run No. 111)

Measured Thermal
Neutron Fluence

Distance into Total Measured per watt-hr x 10~!0 Corrected
Block (cm) Rads/watt-hr (n/cm2~watt-hr) Rads/watt-hr
0 11.8 1.16 9.97
2.07 - 9.93 1.28 - 7.93
4,14 8.13 1.33 6.06
6.21 6.58 1.36 _ 4.46
8.28 5,73 1.36 - 3.61
10.40 ' 5.19 1.33 3.12

* - .
Direct integrated light reading converted to Co-60 equivalent dose

TABLE 5.2
Gamma Ray Heating Rates
in a 22.77 cm thick BeO Block (Run No. 112)

Measured Thermal
Neutron Fluence

Distance into Total Measured*® per watt-hr x 10-10 Corrected
Block (cm) Rads/wattfhr (n/cm?-watt-hr) Rads/watt-~hr
0 12.60 1.16 10.80
2.07 : 9.93 1.28 7.93
4.14 8.4l 1.33 6.34
6.21 7.24 1.36 5.11
8.28 6.33 1.3 4.21
10.40 5.50 o 1.33 3.42
12.40 4.62 1.30 2.59
14.50 4.23 1.25 © 2,28
 16.60 3.67 1.20 1.80
18.60 3.42 1.14 1.64
20.70 2.8 ‘ 1.07 ‘ 1.17--

*Direct integrated light reading converted to Co-60 equivalent dose

17




TABLE 5.3
Gamma Ray Heating Rates

in a 31.05 cm thick BeO Block (Run No. 113)

Measured Thermal
Neutron Fluence

Distance into Total Measured® per watt-hr x 10710  Corrected
Block (cm) Rads/watt-hr (n/cm?-watt-hr) Rads/watt-hr
0 13.33 1.16 | 11.50
2.07 10. 30 1.28 8.30
4,14 8.72 1.33 6.65
6.21 7.21 1.36 5.09
8.28 6.28 1.36  4.16
10. 40 - - 1.33 - -
12.40 4,77 1.30 2.74
14.20 4.23 1.25 2.28
16.60 3.72 1.20 1.85
18.60 3.42 1.14 1.64
120.70 3.23 1.07 1.56
22.80 2.81 1.00 1.24
24.80 2.57 0.92 0 1.13
26.90 2.32 0.83 1.03
29.00 1.96 0.75 0.79

*Direct integrated light reading converted to Co-60 equivalent dose
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TABLE 5.4

Summary of Br_gx—-Gray - TLD Calibration
'(2.28 cm3 beryllium thick-wall chamber)

RAD's/watt-hr

Chamber Current Pressure Temperature

Run (amps) (mm Hg) (°c) Chamber TLD!
111 '1.31x10710 643 71.1 8.76 13.7
112 0.62x10710 647 71.1 0 8.25 . 10.7
113 0.66x10710 647 71.1 8.68 C11.7
114 8.36
(8.04)2
(1) The TLD's were located on the outside of the beryllium 1/2 hex
block containing the chamber for runs 111, 112 and 113.
(2) On run 114, TLD's were located inside the chamber at the top,

middle and bottom to give an average of 8.36 Rads/watt-hr which
can be compared directly with the dose rate measured with the
chami»r on the previous three runs. TLD's sandwiched between
the two 1/2 hex beryllium bars at chamber height gave the value
8.04 noted in the table.
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6.0 ANALYTICAL CALCULATIONS AND COMPARISON WITH MEASURED RESULTS

Calculations were performed using computer codes operable on

" the NRTS 360/75. Both point kernel shielding and Sn transport theory

(for both neutrons and photons). calculations were made and the results.
are compared with the values measured in the critical experiment.

6.1 Calculational Model and Computer Codes

A calculational model is given in Table 6.1 and is the model
used for both the point kernel and the transport code calculation of
heating rate in a beryllium oxide reflector annulus of the critical
experiment. The calculations were performed using the 18 energy group
structure given in Table 6.2,

The QAD-P5A multi-energy group, point kernel shielding code(z)
determines the dose rate by calculating the uncollided flux and applying
appropriate buildup factors along line-of-sight paths from source volume °
elements to receptor points. Both direct core gamma sources and capture
gamma sources were,K included. Gamma ray attenuation coefficients and
buildup factors are included in the code library. Light element buildup
was employed, since only one type can be used in a given problem. The,
gamma ray coefficients are determined by linear interpolation of data
at 20 energy levels (3,4), Buildup factors are calculated from polynomial
fit to buildup data 26) . Neutron induced gamma ray source data (n,y
reactions) were generated using measured 2200 m/sec equivalent thermal
neutron flux data from the critical experiment (see Table 5.3) and
2200 meter/sec (n,y) cross sections from BNL-325 shown in Table 6.3:

Core fission gamma ray distributions were obtained from Reference 7.
These data are listed in Table 6.4. The contributions from the various
sources are listed in Table 6.5.  The direct fission gammas from the

" core represent the major contribution to the dose at the front part of

the heat shield. However, these gamma rays have a nominal relaxation
length of 8 cm in the BeO, such that at a 15 cm depth, capture gamma
rays represent half of the dose. At the 30 cm depth, 807 of the dose
is the result of capture gammas. ‘

Transport calculatigns were performed with the versatile
multi-energy group code scamp (8), Nominally a neutron flux-eigenvalue
code was adapted to perform these photon transport calculations. First
a 19 energy group neutron problem using the SCAMP Sn code(s), with cross
sections generated by the PHROG and INCITE codes(9510) yasg performed to
provide a neutron distribution through a spherical reactor with an
annulus of BeO reflector”. The 19-group neutron data was then coalesced

* Note: The calculated thermal neutron flux in the BeO region agreed
to within a few percent of the values measured in the critical

experiment.
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to four groups. With this data as input to the GAMSOR code(ll),

and using, fission and (n,y) reaction cross sections from Reference

7 (with some minor adjustments in energy group assignments), an 18
energy group set of region gamma rays volume sources was generated.
These region gamma ray volume sources then formed the input to SC?MP
along with photon transport kernels calculated by the GAMLEG Code 135,
to calculate the dose rate distribution through the BeO annulus. The
photon absorption cross section data used as input to GAMLEG are from
Reference 14. Most of the calculations were performed in S, angular
detail, however one case was run in Sg detail with but a barely notice-
able change in results. Thus, it was concluded that S, detail was
adequate for the gamma transport problem, as it had been found to be
for the neutron problem. ~

6.2 ' Comparison of Measured and Calculated Results

The data from Table 5.3 for the 31.05 cm thick beryllium
oxide block in the critical experiment are plotted in Figure 6.1 along
with the results of the transport: code calculation and the point kernel
shielding calculations. " The point kernel code gave heating rate results
that are about 8 to -10% higher than the transport code, but these results
are only about half the values measured in the critical experiment. A
beryllium Bragg-Gray chamber measurement in the sensor tube that pen-
etrated through the beryllium oxide block gave results that were 3%

(+8%) larger than the heating rate measured with TLD's placed inside
the same chamber (on a separate reactor run).

Were it not for the.fair agreement between the two methods
of measurement, especially since the Bragg-Gray ionization chamber
method is relatively simple and straightforward, one would be inclined
to cast doubt on the validity of the results from the TLD measurements.
Furthermore, the Bragg-Gray measurement is fundamentally the correct
way to calibrate the TLD's for the gamma spectrum of the particular
environment. In light of the extensive checking and cross checking of
TLD calibrations and reactor power calibrations the experimenters are
more prone to question the accuracy of the calculations with photon
cross section data the most open to suspicion. The relatively close
agreement between the Bragg-Gray direct results and the TLD results
based on Co-60 spectrum calibration is not unexpected. Both LiF and

-BeO consist of light elements with similar response to all gamma ray
‘energies. Furthermore, in the 1 to 4 Mev region of most of the gamma
rays encountered, compton scattering is by far the most predominant

- mechanism for energy loss in light elements, -and it gives the same
response for both LiF and BeO on an electron for electron basis (equal
energy mass absorption coefficients).
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TABLE 6.1

* - Calculational Model of Spherical BeO Heating Rate Experiment

Inner Outer Region

Radius (cm) Radius (cm) Volume (cm3) Material
0.0 63.109 1.0528 x 106 ' UF,

63.109 63.773 3.3583 x 10“ Aluminum
63.773 90, 830 2.0525 x 106 CH
CH,

90.830 91,555 7.5765 x 10M Aluminum
91.555 96.635 5.6534 x 10° D,0
96.635 127.115 4,8236 x 106, BeO
127.115 188.14 1.9292 x 107 D,0

Mass (kg)
14,631
90.72

22.33
14.23

204.0
624.7
156.99

21318.0
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TABLE 6.2

Gamma Ray Energy Group Structure used for Calculating Heating Rates

Energy Limits Energy Limits

Group (MeV) Group (MeV)
1 10.00-8.00 10 2.00-1.60

2 8.00-7.00 11 1.60-1.20

3 7.00-6. 00 12 | 1.20-0.90
4 6.00-5.00 13 0.90-0.60

5 " 5.00-4.00 . 14 0.60-0.40

6 - 4.00-3. 50 , © 15 0.40-0.21

7 3.50-3.00 | 16 0.21-0.12

8 | 3.00-2. 50 17 0.12-0.07

9 : 2.50-2.00 18 0.07-0.01
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' TABLE 6.3

Thermal Neutron (n,y) Cross Sections and Gamma Yields per

Capture for the Important Reactor Materials

F H Be 0 "D . Al

*a(n,Y) 0.0098  0.332 0.0095  0.000178  0.0005 0.235

: (£0.0007) (#0.002)  (#0.001) (%0.000025) (*0.0001) (0.005)

Gamma -

Energy

Group

1 0.0 0.0 0.0 0.0 0.0 - 0.0
2. 0.0 0.0 0.0 0.0 ‘4 0.0 0.351
3 1.0 0.0 0.0 0.0 0.950 0.084
4 0.0 0.0 0.784 0.0 0.0 0.099
5 0.0 0.0 0.0 0.0 0.0 0.553
6 . 0.0 0.0 0.0 ©0.296 0.0 0.157
7 0.0 0.0 0.487 0.296 0.0 0.157
8 0.0 0.0 0.0 0.276° 0.0 0.168
9 0.0 0.990 0.0 -0.276 0.0 0.168
10 0.33 0.0 _ 0.0 0.140 0.0 0.088
1 0.33 0.0 0.0 | 0.179 0.0 0.113
12 0.33 0.0 0.0 0.0 0.0 0,113
13 0.0 - 0.0 0.0 0.0 0.0 0.0
14 0.0 0.0 0.0 0.0 0.0 0.0
15 0.0 0.0 0.0 0.0 0.0 0.0
16 0.0 0.0 0.0 0.0 0.0 0.0
17 0.0 0.0 0.0 0.0 0.0 0.0
18 0.0. - 0.0 0.0 0.0 0.0 0.0

* ' R . -
" Thermal neutron (n,y) reaction cross sections from BNL-325
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TABLE 6.4

Prompt Fission and Fission-Product

Gamma Yield Spectra (y/fission)

Group

O ® N OV W N e

L T T T S
© N O W N RO

Energy Limits

(MeV)

10.00-8.00
8.00-7. 00
7.00-6. 00
6.00-5.00
5.00-4.00
4.00-3.50
3.50-3.00
3.00-2.50
2.50-2.00
2.00-1.60
1.60-1.20
1.20-0.90
0.90-0. 60
0.60-0.40
0.40-0.21
0.21-0.12

0.12-0.07.

0.07-0.01

Prompt

Fission

0.0
0.0005

"0.0093

0.0197
0.0586
0.0805
0.0805
0.2480
0.2480

0.4997

0.6425
0.6425
1.1120
£.5085
2.7528
0.0
0.0
0.0

Fission-

Product

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.2554
0.2554

0.4455

0.5728
0.5728
1.3783
2.0681
3.4120
0.0
0.0
0.0
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7.0 DISCUSSION OF RESULTS AND PROBLEMS ENCOUNTERED

The large difference between the measured and calculated
values for, K gamma ray heating rate in a gas core reactor with beryllium
oxide heat shield is somewhat discouraging and at this point is un-
explained. When the calculational results had been %eflned to the
point where only minor improvements were being obtained”®, considerable
effort was then expended to determine if a shift in the reactor power
calibration had occurred. The reactor power calibration depends on
the count obtained on a catcher foil in a 2 m beta counter arrangement.
The calibration constant had previously been derived from thermal flux
fissions and from direct comparison with an absolute fission chamber.
That constant had been used for years for such calibrations at the Low
- Power Test Facility.

In order to recheck this calibration factor, two small
absolute fission chambers constructed with plates containing carefully
determined amounts of U-235 were exposed, along with catcher foils.
Gold foils (0.005 mil thick) both bare and cadmium covered were exposed
in a subcritical assembly driven with a 2 milligram Cf-252 neutron
source and also in a beryllium sigma pile with a 1 milligram Cf-252
neutron source. The results from the two absolute fission chamber counts
gave excellent relative agreement between measurements. However, the
results calculated from bare and cadmium covered gold foil counts were
lower by some 18%. A calibration factor was adopted which was the mean
between these two results. It is therefore believed that the reactor
power could not have been in error by more than +10%Z. This probably
has a high (~95%) confidence limit, since the standard deviation on
each of the two methods was approximately *5%. The reason for the
difference between the two results is not known. However, neither
experiment was performed in the most favorable environment of highly
thermal flux with minimum perturbations.

The problem of determining an appropriate correction factor
for the TLD thermal neutron response has been mentioned in previous
sections of this report. A direct measurement of this effect was
‘attempted by exposing sets of TLD's in a beryllium sigma pile with
1 mg Cf-252 source. Cf-252 has an acceptable ratio of neutron to gamma
output for such an experiment. However, the source was encapsulated
in stainless steel and the gamma ray output from capsule activation
was so great that the neutron contribution could not be separated from
this extraneous gamma exposure. Had a Cf-252 neutron source, encap-
sulated in a material, such as magnesium, with a low (n,y) reaction
cross section, been available the experiment could have been successful.
As discussed in Section 4.0, a calculated TLD response was used to make
corrections to the data using the manufacturers quoted Li® content and
thermal neutron (n,y) reaction cross section data. Since these calcu-~
lations assume that all of the o and/or 8 energy produced in a reaction

Note: Rather extensive hand calculations were performed using seven
gamma groups (ANL-5800) and (n,y) cross section data from BNL-
325. These calculations were in close agreement with results
from the QAD-P5A code.
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with the Li or F is absorbed in the TLD to produce TL effect, the data
may have been overcorrected.

Reason to not suspect the thermal neutron response correction
of 1.56 x 10-10 Rads/n/cm? is based on experimental evidence. The IDO
Health and Safety Laboratory had conducted a thermal neutron response
test on one batch of similar dosimeters from the same manufacturer.

Using a Am—-Be source, they determined that the thermal neutron response
was an equivalent 1 Rad of %amma for every 40 Rem of thermal neutrons.
This reduces to 0.26 x 107! Rad/n/cmz, one sixth the value used in this
report. If this lower value were used for the correction, the discrepancy
between the measured and calculated doses at the outer portion of the

heat shield would approach an order of magnitude.

Further indication of the relative reliability of the thermal
neutron response correction is given by the comparison of the TLD and
Bragg-Gray ionization chamber results. If it is assumed that the Co-60
calibration gives the same response as that from the spectrum in the
gas core reactor, then the following relative comparison applies:

Directly measured TLD response 1.5 (Rads, relative)
Directly measured Bragg-Gray dose 1.03
Corrected TLD response using 1.0
1.56 x 10719 Rad/n/cm? o
Corrected TLD response using 1.42
0.26 x lOf11 Rad/n/cm?
Calculated using QAD 0.66
Calculated using transport 0.57

It is apparent that the correction factor used in this report
gives fair agreement with the Bragg-Gray results. If the correction were
6% less, the agreement would be perfect. The 6% could be accounted for
if this fraction of the released a energy actually escaped from the crystal.
Note, however, these considerations are not within the accuracy of the
data for comparing TLD's and Bragg-Gray results. The TLD standard devia-
tion was 7%, that for the Bragg-Gray chamber result was 4Z.

Gamma energy deposition has been measured in critical experi-
ments using CaF9:Mn thermoluminescent phosphor(ls). This phosphorus has
an appreciably lower thermal neutron response than does LiF but it has
_other objectionable characteristics such as non-linear fade with time
after exposure thus complicating calibration. Small micro rods of
CaFj :Mn were exposed along with some of the LiF dosimeters in the BeO
block. Extreme scatter in the data was experienced and the results
are therefore not reported.

* Improved batches of these dosimeters obtained from different manufacture
were later used with success in another experiment, as reported in Ref.
15. However, at that time the gas core experiment had been dismantled.
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If indeed the calculations are giving the incorrect answer,
the cause has not been unequivocally identified. The forward portion of
the heat shield is being calculated approximately 35% low. Since it
involves mostly the contribution from the core gammas, it is difficult
to identify the cause because calculations of this type .are relatively
routine. The latter is not true, however, for the deeper regions of the
shield where the main contribution arises from capture gammas from D,0
and BeO. These notoriously very low absorbing materials are not cus-
tomarily considered as sources of secondary gammas. The fundamental
nuclear data for these elements has above average uncertainty. For
' instance, the thermal neutron absorption cross sections recommended in .
the latest issue of BNL-325 list uncertainties of 20%, 107, and 147 for -
D, Be and O, respectively. Thus, it is quite likely that the large dis-
crepancy between calculations and experiments for deep heat shield
" locations is largely the result of uncertainties in fundamental nuclear
data. ‘ ,

The experimental results are considered accurate to within
*10%, at the 95% confidence level. Though the experiment was not of as
ideal a geometry as would have been desired, the deviations from a truly
"clean" spherical geometry had little effect on the results. For instance,
though the core sensor well was unplugged from the BeO slab on down, the
mean free path in the adjacent gaseous fuel and simulated propellant was
approximately 100 cm, making the streaming in the sensor well appear to
be a normal conditiom.
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8.0 CONCLUDING REMARKS

The gas core rocket engine has unique gamma heating
problems for its reflector. Reflector heat loads in the range of 300
to 400 MW of power will have to be radiated to space. For this reason,
extra precision must be placed on the calculated heating rate values
in the reflector. The results from this study show that more effort
must be expended to improve the correlation between experimental and
calculated results and thus improve confidence in calculational
techniques. The study indicates that this effort should begin by
verification of neutron capture cross section and gamma ray spectra
emitted from the low cross-section elements deuterium, oxygen and
beryllium. ’ ’

The implication to gas core rocket design is obvious. If
these experimental results are indeed correct, then calculated gamma
heating rates will be low, by 35% to 60%. Thus peak heating rates in
the heat shield of a 6000 MW reactor might be calculated to be 100 watts/
gm, whereas in actual operation the heating might be observed to be '
150 watts/gm. The difference represents heat loads almost never encoun-—
tered in non-fueled materials in the high power commercial and test
reactors of today.
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